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Abstract 
Particle Flow Algorithms (PFAs) have been applied to existing detectors to improve the measurement of hadronic jets 
in colliding beam experiments.  For future experiments, such as a TeV lepton collider, detector concepts optimized 
for the application of PFAs are being developed.  These concepts require so-called imaging calorimeters, with 
unprecedented granularity.  We will review the various recent developments of such highly granular calorimeters. 
© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for 
TIPP 2011. 
Keywords: PFA, imaging calorimeter, lepton collider; jet energy resolution 
1. Introduction 
The future lepton colliders, either the International Linear Collider (ILC) or the Compact Linear 
Collider (CLIC), will address exciting new physics and perform precision measurements.  Many of the 
interesting physics processes involve multi-jet final states from the decay of heavy objects, like the W and 
the Z bosons, the top quark and possibly the Higgs boson. To distinguish these particles in their hadronic 
decay modes the detector system is required to have unprecedented jet energy and jet mass resolution, at 
about 3-4% level.  Such a resolution is achievable using Particle Flow Algorithms (PFA’s), together with 
a detector system that is optimized for the application of PFAs.   
Particle Flow Algorithms attempt to measure the individual particles of a jet in the best possible way, 
i.e. measure the momenta of the charged particles in the central tracking system with negligible 
uncertainty, measure the energy of photons in the Electromagnetic Calorimeter (ECal) with in general 
excellent resolution, and measure the energy of neutral particles in the combined ECal and HCal (Hadron 
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Calorimeter) with modest resolution.  If taking into account the energy fraction that each particle species 
within a jet, as shown in table 1, the overall jet energy resolution is still excellent.  However this result 
relies on a critical assumption that the individual particles within a jet can be very well separated in the 
calorimeter system, which is at least challenging from both the software/algorithm and the hardware point 
of view.  In order to achieve a good particle separation, the calorimeter system needs to be extremely well 
segmented to provide detailed 3-D information about particle showers.  A smart pattern recognition 
algorithm, as a major part of the PFA, then reconstructs the particles in a jet based on the calorimeter 
measurement.  A calorimeter with such level of fine granularity is often called an ‘Imaging Calorimeter’. 
Table 1. Particles in a jet, their average fraction of jet energy and their contribution to the overall resolution. 
Particle Average fraction of jet energy Measured with Contribution to resolution [ı2]
Charged 65% Tracker Negligible
Photons 25% ECAL with 15%/¥E 0.072 Ejet 
Neutral hadrons 10% Calorimeter with 50%/¥E 0.162Ejet 
Total 0.182Ejet 
During the last decade, there has been a lot of progress on the development of both the Particle Flow 
Algorithms and the finely segmented calorimeters.  For the current status of the PFA development, one 
sees references [1] and [2].  This report will review the recent achievements on developing Imaging 
Calorimeters. 
2. Overview of the imaging calorimeter R&D 
The R&D effort for the imaging calorimeters covers a full spectrum of new calorimeters.  All of these 
projects are coordinated within the CALICE collaboration (CAlorimeter for LInear Collider Experiment), 
with the only exception of a Silicon Tungsten (Si-W) ECal development for the SiD detector concept [ref. 
8].  Figure 1 summarizes the type of calorimeters being developed for future lepton colliders.   
Fig. 1. Overview of imaging calorimeter development: different absorber material, readout technology and active medium being 
considered for the calorimeter system for the future lepton collider. 
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The absorber materials being considered are steel and tungsten, the latter is more costly but has the 
advantage of keeping particle shower compact and reducing the overall thickness of the calorimeter.  For 
this reason, the ECal efforts only consider the tungsten choice, while the HCal efforts consider both steel 
and Tungsten, with the steel option for the lower energy ILC and the tungsten option for the higher 
center-of-mass energy CLIC.  The readout segmentation ranges from 2.5x10-5 cm2 for the MAPS ECal to 
~10 cm2 for the scintillator HCal.  Detailed cell size information is shown in figure 2.  Due to the very 
fine segmentation of these calorimeters, the overall number of readout channels ranges from several 
million to tens of billions for a calorimeter system at a future lepton collider.  In order to handle the huge 
number of channels, two readout schemes are being developed: an ‘analog readout’ which is more 
traditional and reads out the amplitude information channel-by-channel, and a ‘digital readout’ which 
constitutes a novel approach that only counts the number of channels that are above one or a few 
threshold(s).  All the efforts using scintillator as their active medium and the two Si-W ECal efforts chose 
the analog readout, while the MAPS ECal and all the gaseous HCal efforts developed a digital readout. 
Combined with small readout cell sizes simulation suggests that the digital readout can maintain good 
energy resolution and have a linear or close to linear response. 
Fig. 2: Cell sizes of the imaging calorimeters being developed 
The different calorimeter R&D groups followed more or less the same path that starts with sensor and 
readout development, followed by building a small scale prototype and performing beam tests for detector 
characterization, then followed by the construction and extensive beam tests of a large ‘physics prototype’ 
that serves as proof of principle for the calorimeter concept, and finally proceed to R&D and construction 
of a ‘technical prototype’ that addresses all issues in building a realistic detector.  While some groups are 
at an earlier stage of their development, several other groups have finished or almost finished their 
physics prototype tests and are in the process of developing techniques to build technical prototypes.  In 
the following I will briefly review the detector concepts and current status of all the imaging calorimeter 
efforts.
2.1. CALICE Si-W ECal 
The CALICE Si-W ECal group uses thin silicon wafers that have been segmented into a square pad 
matrix as the active medium, where each square on the wafer is a calorimeter cell.  When combined with 
tungsten absorber plates, the electromagnetic calorimeter is very dense and has a small Moliere radius, 
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with the effect to confine EM showers radially.  The Si-W group has built a physics prototype that 
consisted of 30 silicon layers with an area of 18x18 cm2 and interleaved with tungsten absorber plates.  
The cell size for the physics prototype was chosen to be 1x1 cm2.  The pad signals are routed to the 
outside of the calorimeter stack for digitization.  The total channel count is ~10k.  This prototype went 
through extensive beam tests, including stand alone tests, as well as combined tests with the CALICE 
scintillator-Steel AHCAL and RPC-steel DHCAL.  Analysis of the test beam data is well advanced and 
the first few test beam papers have been published.  
The current focus of the group is on the development of a technical prototype which is meant to be as 
close to a real detector as possible.  There are several major changes for this round of prototyping, 
including smaller readout cell sizes (5x5 mm2) on larger wafers, an embedded readout system built 
around the SKIROC ASIC with power pulsed front end, an integrated mechanical structure, and realistic 
service and cooling.  The active layer is optimized for minimum thickness by using a very thin PCB and 
wire bounded front end chips without bulky packaging.  The prototyping and testing of individual 
components is ongoing, and the first beam tests are expected in 2012/2013. 
2.2. CALICE Scintillator-W ECal 
The CALICE Scintillator-W ECal effort uses scintillator strips as the active medium and readout by 
MPPC’s (These are devices similar to SiPM’s, but produced by Hamamatsu).  The strips are 4.5 cm long 
and 1 cm wide, and they are placed in orthogonal directions in alternating layers, in order to achieve 
better position resolution by combining information from several layers.  The absorber plates are also 
made of tungsten.  This group produced a physics prototype that has an active area of 18x18 cm2 in each 
layer and is 30 layers deep.  The total scintillator strips / readout channels count is about 2k.  This 
prototype was tested extensively in particle beams and the data analysis is almost completed.   The group 
is proceeding with R&D towards a technical prototype, collaborating with other CALICE groups on the 
mechanical structure and embedded readout. 
2.3. SiD Si-W ECal 
The SiD Si-W ECal effort took a different approach from the CALICE groups.  Based on the 
experience of building Si-W calorimeters for luminosity measurements at LEP and SLC, the group 
decided to design a realistic ILC detector from the very beginning and skip the physics prototype stage.  
The SiD Si-W ECal development targets a very challenging design, including an extremely compact 
geometry that features a  total active medium thickness around 1mm, very small cell sizes (~0.13 cm2), an 
embedded readout chip (KPiX) that can handle 1k channels and is directly bounded onto the Si wafer in 
bare die form, a thin Kepton cable that is wire bounded with the KPiX chip, a front end that is power 
pulsed, etc.  Indeed, this effort pushes the technical limit on several fronts.  The group is currently 
developing a test beam module which is roughly equivalent to the CALICE technical prototypes, and is 
expected  to see beams in 2013. 
2.4. CALICE MAPS Digital ECal 
For a calorimeter with very small readout cells counting the number of cells that fire provides a 
reasonably good measurement of the energy of an incident particle.  Such a single threshold approach 
simplifies the readout dramatically.  This argument works very well with hadronic showers and several 
CALICE HCal projects adopted this concept.  However, due to the very dense nature of electromagnetic 
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showers, the concept of a digital ECal is not viable unless the cell sizes are extremely small.  With recent 
technological advances the CALICE Digital ECal group developed Silicon sensors with 0.05x0.05 mm2
cell sizes based on the MAPS technology.  Their simulation demonstrates good linearity and energy 
resolution.  The group built a small size sensor and tested it successfully in a particle beam.  Further 
development is forthcoming. 
2.5. CALICE Scintillator Analog HCal (AHCAL) 
The CALICE scintillator AHCAL effort uses small scintillator tiles of the size 3x3 cm2 and read out by 
SiPM’s as the basic cells of their calorimeter.  The compact photo sensor enables them to pack the cells 
tightly together and form a detector plane without introducing significant dead areas.  The group built a 
large physics prototype of the size of about 1m3, which consists of 38 detector planes interleaved with 
steel absorbers.  Each detector plane is about 1m2 in size, has a central core which is populated with 3x3 
cm2 tiles, and an outer region populated by 6x6 cm2 and 12x12 cm2 tiles.  The total channel count is over 
8k, being the first device to use SiPM’s on large scale.  The physics prototype was tested extensively with 
steel absorber plates in both the CERN and Fermilab test beams.  In 2010, the physics prototype started a 
new round of beam tests at CERN with tungsten absorber.  The group is also actively developing 
prototypes for a technical prototype, which will have embedded readout built around a front end ASIC 
(SPIROC2), and an embedded calibration system. 
2.6. CALICE RPC Digital HCal (DHCAL) 
The CALICE RPC DHCAL group adopted the digital readout concept and chose the Resistive Plate 
Chamber (RPC) as the active medium, since it is a perfect match for the digital calorimeter concept.  The 
RPC’s are highly efficient in detecting charged particles, good in terms of position resolution (no problem 
with small readout cells), very thin, very reliable, and not expensive to build.  The signal charge of RPC’s 
is not well correlated with the energy lost by particles in the gas gap, but that is exactly NOT needed for a 
digital calorimeter.  The group developed a thin RPC design and a digital readout system built around a 
front end ASIC (DCAL), that was developed specifically for the DHCAL.  As a proof of the design, a 
small prototype of ~2k channels with 10 small (20x20 cm2 in size, readout central 16x16 cm2 area) RPCs 
was built and successfully tested in particle beams in 2007.  Based on the success of the small prototype, 
a large 1m3 prototype was build with 38 active layers between 2008 and 2010.  Each layer is 1m2 in size, 
and consists of 3 glass RPC’s, 32x96 cm2 each, and is readout by 6 front end boards with 1x1 cm2 size 
readout pads.  Each layer has more than 9k channels, and the total thickness of the active elements, 
including the readout, is 8.6 mm.  Later on, 14 more identical active layers were built to equip a tail 
catcher, which brings the total channel count to ~500k.  This constitutes the largest number of channels 
for any calorimeter that was ever built. 
The prototype went through several rounds of tests in the test beam at Fermilab. It re-used the 
CALICE steel absorber structure which was used by the AHCAL before.  The group foresees one more 
round of beam tests with low energy beams (0.2 – 2 GeV) at Fermilab in winter 2011.  In 2012 the RPCs 
will be tested at CERN together with the tungsten absorber plates, which are currently used by the 
AHCAL prototype. 
Even though the 1m3 prototype is often called the physics prototype, it has some features that are 
standard on many of the CALICE 2nd generation prototypes, i.e. the technical prototypes.  This is the first 
large scale prototype with embedded front end electronics, and a hardware data aggregation structure that 
is very similar to 2nd generation CALICE DAQ system.  The group also started R&D effort to address 
other remaining issue in building a technical prototype. 
 Lei Xia /  Physics Procedia  37 ( 2012 )  410 – 420 415
2.7. CALICE RPC Semi-Digital HCal (sDHCAL) 
The CALICE RPC sDHCAL effort also chose RPCs as the active medium but has a different approach 
on the readout.  The sDHCAL group utilizes three thresholds in their readout, unlike the single threshold 
in the digital readout case, and uses the additional information to improve the linearity and energy 
resolution from a pure digital calorimeter.  The group finished building a large ~1m3 prototype in summer 
2011, which consists of 47 active layers that are inserted into a very compact steel absorber structure.  
Each detector plane is about 1m2, consists of 1 glass RPC, and is readout by 6 front end boards with 1x1 
cm2 signal pads.  The readout system is built around a front end ASIC (HARDROC) and has the same 
channel counts per plane as the RPC DHCAL.  The sDHCAL prototype had two test beam periods at 
CERN in 2011, and foresees more tests in particle beams in 2012. 
The 1m3 sDHCAL prototype addressed many issues of a technical prototype, including fully 
embedded front end electronics, an integrated compact mechanical structure, thin active layers (only ~6 
mm for the active elements, including readout), daisy chained front end boards, and power pulsed front 
end chips. 
2.8. CALICE Micromegas Digital HCal 
The CALICE micromegas DHCAL group chose a different gas detector for the active medium.  The 
micromegas chambers have excellent position resolution, and can run in high rate environments.  The 
micromegas group developed embedded readout with a front end chip (MICROROC) that was optimized 
for the readout of micromegas.  A few detector planes of size 1m2 have been successfully built and tested 
in particle beams.  These detector planes will be inserted into the sDHCAL prototype stack and will be 
tested together with the sDHCAL prototype. 
2.9. CALICE GEM Digital HCal 
The CALICE GEM DHCAL effort chose yet another gas detector to realize their DHCAL.  Similar to 
micromegas, the GEM chamber is also known for its excellent position resolution and high rate 
capability.  The GEM group has built several GEM chambers of size 30x30 cm2, and tested these 
chambers with both the KPiX chip and DCAL chip using cosmic rays.  The GEM group also tested these 
chambers in the Fermilab test beam in summer 2011.  The group plans to build several detector layers of 
size 1 m2 and test them in particle beams. 
3. What have we learned from these imaging calorimeters 
With the physics prototypes being built and tested in particle beams, the CALICE collaboration has 
proven that imaging calorimeters are viable options for a detector system optimized for PFA.  The test 
beam data demonstrated the amazing capability of these finely segmented calorimeters.  Particles showers 
are measured with unprecedented details, as shown in the event pictures in fig. 3.  These events 
demonstrate the particle separation power of these devices.   
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Fig. 3: (left) two electron showers that are ~5 cm apart, measured in the CALICE Si-W ECal, (middle) some 15 muons measured in 
the CALICE RPC DHCAL, (right) 120 GeV proton measured in the CALICE RPC DHCAL 
In addition, the valuable test beam data also showed some unique capabilities of the imaging 
calorimeters.  I give several examples in the following. 
3.1. Shower profile measurement: data/simulation comparison 
One of the major goals of the CALICE physics prototypes is to measure showers in great details to 
provide a basis to validate shower simulations, especially hadronic shower simulations where there are 
still large uncertainties.  For details of the analysis, please see ref. [3].  
The imaging calorimeters can precisely determine the starting point of a hadronic shower and measure 
the longitudinal shower profile from that point on, while previous measurements could only measure the 
longitudinal profile from the front surface of their calorimeter, thus integrating over showers starting at 
different depth.  The CALICE measurements provide the most direct shower shape information thus 
providing  distinguishing power on the different hadronic shower models.  A comparison of the measured 
longitudinal shower profile and simulation predictions from several GEANT4 models is shown in fig. 4, 
where we can see that at low energy, the QGSP_BERT model works better than others, while at high 
energy, none of the models work well. 
Fig. 4: Longitudinal shower profile measured in the CALICE AHCAL from shower starting point, of 10 GeV pi- (left) and 80 GeV 
pi+ (right), compared with predictions from a number of hadronic simulation models 
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Similarly, a detailed lateral shower profile is also measured from a precisely determined shower axis.  
The lateral profile is of particular interest, since it is critical for PFA performance.  Fig. 5 shows the 
measured lateral profile, which is compared to several simulation models.  The ‘modern’ hadronic models 
appear to do a reasonably good job on the lateral shower profile. 
Fig. 5: lateral shower profile measured in the CALICE AHCAL for 15 GeV pi- 
3.2. Shower substructure 
With the hadronic shower data measured with the imaging calorimeter prototypes, one can even study 
the substructure of showers.  One example is reported in ref. [4], in which track segments within hadron 
showers were identified.  Fig. 6 shows the average track multiplicity and track angle for the track 
segments found in hadronic showers at different energies.  Predictions from several simulation models are 
also shown in the plot.  This measurement presents a challenge for the simulation effort at an 
uprecedented level.  The track segments can also be used for detector calibration, thus the physics data 
itself is used to monitor the detector performance.  In fact, this has been tried in the RPC DHCAL test 
beam runs and turned out to be very useful to monitor the RPC performance. 
Fig. 6: Average track multiplicity (left) and track angle (right) measured in the CALICE AHCAL at different beam energy, 
compared with several hadronic simulation models 
3.3. Shower separation: test of PFA and simulation 
Using the measured hadronic showers, one can combine real events to mimic part of a jet in the 
calorimeter and use this to test the PFA performance.  So far the PFA’s have been developed using 
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simulation data and their performance is also evaluated using simulation data.  The above mentioned 
method is probably the most ‘realistic’ test for PFAs, before testing in a real colliding beam experiment.  
Such an analysis has been done and has been published in ref. [5].  In this analysis, the initial MIP part of 
a charged pion shower was removed to mimic a neutral hadron and another charged pion shower was 
placed next to the ‘neutral’ one at a certain distance.  Then the PFA is applied to study how well the 
algorithm can identify and measure the two hadrons.  Fig. 7 shows the mean deviation of the 
reconstructed energy from a 10 GeV ‘neutral hadron’ as a function of distance from a 10(30) GeV 
charged hadron.  The exercise was performed on both events ‘assembled’ from real data and on events 
from simulation.  The fact that the results are essentially the same for ‘data’ and simulation gives us 
confidence in the PFA performance, as evaluated using simulated data. 
Fig. 7: RMS (left) and RMS90 deviation of the reconstructed energy of 10 GeV ‘neutral hadron from its measured energy, as a 
function of distance from charged 10 GeV (solid lines) and 30 GeV (dashed lines) hadrons, for ‘data’ events and for simulation.
3.4. Software compensation 
The imaging calorimeter prototypes are in general not tuned to be compensating, however, with the 
detailed shower information, one can tune the detector response to different shower components on an 
event by event basis in order to achieve the best energy resolution.  There are two independent software 
compensation efforts (ref. [6]) that try to improve the AHCAL energy resolution: a ‘local’ method that 
uses weights based on individual cells and a ‘global’ method that uses corrections based on global shower 
parameters.  Fig. 8 shows the improvement of energy resolution after applying two ‘local’ compensation 
methods, which results in 20 – 25 % improvement over the entire energy range.  The ‘global’ method 
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achieves similar results.  
Fig. 8: Energy resolution for pion measured in the CALICE AHCAL, before and after applying two ‘local’ software compensation 
methods: energy dependent parametrization (left) and neural net work (right).  A 20 – 25 % improvement is achieved for the entire 
energy range. 
3.5. Shower leakage correction 
At a future lepton collider, a detector system that is optimized for PFA will have the entire calorimeter 
system inside a superconducting coil, which limits the total thickness of the calorimeter.  Showers from 
hadrons in the high energy tail of the particle spectrum of jets could have significant leakage into the 
inactive coil.  With an imaging calorimeter one gets a handle on the shower leakage from the part of the 
shower that is measured in the calorimeter.  A study is done on the data taken with the CALICE Si-W 
ECal, the AHCAL, and the tail catcher (called TCMT)(ref. [7]).  Correlations are found between shower 
leakage and the shower starting point, as well as the energy fraction measured in the last part (5 layers) of 
the AHCAL (called end fraction in the analysis).  A set of templates is generated from the data to describe 
the correlations in the entire parameter space of measured shower energy, starting point, end fraction and 
the leakage (beam energy – measured energy).  For a given shower the average energy leaked from the 
back of the calorimeter can be determined and correct for by looking up a template in the corresponding 
parameter space.  This correction procedure is tested with a data set that is independent from the one that 
generated the templates.  The results for 80 GeV pion are shown in fig. 9.  Even though the energy 
resolution after leakage correction is not quite as good as the directly measured leakage with a tail catcher 
(as expected), it is still significantly better than without correctection. Also note, that the correction 
successfully restored the mean particle energy. 
Fig. 9: Energy measured in ECal + AHCAL + TCMT (left, no leakage), in ECal + AHCAL only (middle, with leakage but no 
correction), and in ECal + AHCAL but with leakage correction (right), for 80 GeV pion 
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4. Summary  
 Imaging calorimeters are a key ingredient of a detector system optimized for PFA.  The R&D efforts to 
develop such calorimeters made a lot of progress in the last decade and achieved or almost achieved proof 
of principle for many types of very finely segmented calorimeters.  Several large physics prototypes were 
built and tested in particle beams.  The test beam data not only demonstrated excellent performance of 
these calorimeter prototypes, but also provided measurements of hadronic showers in great details.  These 
measurements in turn enabled us to explore some unique capability of  imaging calorimeters. 
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